Purpose: The interpretation of genetic information has always been challenging, but next-generation sequencing produces data on such a vast scale that many more variants of uncertain pathogenicity will be found. We exemplify this issue with reference to human rhodopsin, in which pathogenic mutations can lead to autosomal dominant retinitis pigmentosa.
intROdUctiOn
Massively parallel high-throughput sequencing, also known as next-generation sequencing (NGS), has revolutionized our ability to analyze genomes and detect nucleotide variants. The amount of sequence information that can be generated for a particular patient under investigation is many orders of magnitude higher than conventional Sanger sequencing; within a few years, whole-genome sequencing is likely to be a reliable, rapid, and cost-effective method of mutation detection that could be applied to clinical medicine as successfully as it has been in the research laboratory. 1 However, the use of these data for clinical diagnostics presents specific challenges that need to be addressed. In particular, such large-scale sequencing can lead to results that require complex analysis and if misinterpreted could ultimately lead to serious diagnostic errors. This issue was recently highlighted in a paper 2 in which the authors commented that "a major challenge … is the gap that exists between the amount of information … needed to convincingly demonstrate a pathogenic role in a group of research subjects and the amount of information … needed to reliably assert that a given genetic variation is responsible for a disease in an individual patient. "
In this study, we illustrate this problem with reference to rhodopsin (RH1), a key retinal protein and the primary light detector found in rod photoreceptors. Mutations in RH1, of which there are now over 100 identified, were among the first to be associated with human retinal disease, and different mutations in rhodopsin (e.g., P23H) were first reported over 20 years ago as a cause of autosomal dominant retinitis pigmentosa (ADRP). 3, 4 Retinitis pigmentosa (RP) is an inherited degeneration of the retinal photoreceptors leading to visual impairment and blindness, occuring in 1 in 3,500 people. The age of onset of ADRP is highly variable, but it is generally an adult-onset disorder and patients with ADRP usually present with a family history of the condition.
We identified four patients for whom we were unable to determine the pathogenicity of sequence variants in rhodopsin, obtaining conflicting information from bioinformatic analyses, clinical family histories, and literature searches. This prompted a further investigation into the pathogenicity of each of the variants using distinct functional assays. We conclude that two of the variants, contrary to reports in the literature, are, in fact, probably benign polymorphisms. The other two mutations, one a de novo mutation and the other 
Genetic analyses
Three of the patients were analyzed using targeted capture of 73 retinal genes followed by NGS. 6 Patients 2 and 4 were screened in a pilot study of NGS in patients negative for mutations in the ATP-binding cassette, sub-family A, member 4 gene (ABCA4). Patient 3 had early-onset RP and no family history and was screened as part of a wider study on NGS in clinical diagnostics, whereas Patient 1 had a family history of ADRP and was screened in a UK National Health Service diagnostics laboratory.
Isolation of genomic DNA and Sanger sequencing were performed using standard protocols. Targeted capture was performed by hybridizing DNA libraries to NimbleGen custom 385K arrays representing a total of 431 kb and exons of 73 genes associated with inherited retinal degeneration. DNA was sequenced on the 454 GS FLX platform (Roche, Branford, CT). 6 The pathogenicity of all sequence variants was assessed using standard bioinformatic analyses (Supplementary Materials and Methods online). Multiplex ligation-dependent probe amplification (MLPA) was used to exclude the possibility of recessive disease caused by an undetected copy-number variant in the second allele and was performed using the SALSA MLPA RP kit (MRC-Holland, Amsterdam, Netherlands), according to the manufacturer's instructions (Supplementary Materials and Methods online).
Bioinformatic analyses
For NGS data, GS Mapper Software (454) was used to map sequence reads to the human reference genome. 6 Variants were filtered to include nonsynonymous single-nucleotide polymorphisms (SNPs), variants within 25 bp of the splice sites, and indels. All data were then analyzed using standard bioinformatic programs including the annotation software Alamut, and pathogenicity prediction programs PolyPhen, SIFT, and MutPred, plus literature searches and comparison with frequency data in dbSNP and the 1000 Genomes project.
construct generation
Full-length wild-type (WT) human RH1 and variant coding regions were amplified using genomic DNA as a template in a "swift PCR for ligating in vitro constructed exons (SPLICE)" reaction 7, 8 and cloned into a pMT4 mammalian expression vector (Supplementary Materials and Methods online). We also included two positive controls: P23H, the most common pathogenic mutation in rhodopsin, 4, 9, 10 where there is clear evidence of pathogenicity using in vitro expression systems and immunocytochemistry, [11] [12] [13] [14] [15] and ∆68-71, which spans one of our variants and has been demonstrated to be functionally inactive. [16] [17] [18] spectrophotometry WT and variant constructs were transiently transfected into human embryonic kidney cells (Supplementary Materials and Methods online). Cells were harvested before isolating rhodopsin photopigments by affinity immunochromatography and binding to excess 11-cis retinal in the dark. 19, 20 Dark and bleached absorbance spectra were recorded using a UV-visible spectrophotometer, and the peak sensitivity value, the lambda max (λ max ), was determined by fitting to a standard rhodopsin template 21 as previously described 19, 20 (Supplementary Materials and Methods online).
trafficking analyses
Neuronal (Neuro-2a) cells were transiently transfected with WT and mutant constructs and fixed prior to performing immunocytochemistry. Images were acquired with a LSM710 confocal microscope (Zeiss, Cambridge, UK) (Supplementary Materials and Methods online).
Homology modeling
Homology modeling of human rhodopsin (WT and mutants) was created by using Swiss-Model [22] [23] [24] [25] and DeepView/SwissPdbViewer software v.3.7 (http://www.expasy.org/spdbv/), where the human sequence was aligned to the crystal structure of bovine rhodopsin (RH1).
26,27
ResULts clinical phenotypes and family histories These are described in Table 1 , Figure 1 and Supplementary Materials and Methods online.
Rhodopsin variants identified
Four potentially pathogenic variants were discovered: the variants c.133T>C (p.F45L), c.158C>G (p.P53R), and c.206G>A (p.R69H) were identified by NGS in a screen of 73 genes associated with RP, and c.116T>G (p.M39R) was found by Sanger sequencing. Table 2 details the results of bioinformatic prediction programs for the variants and Supplementary Figure S1 online shows the conservation of amino acids at the four positions. The bioinformatic programs gave very inconsistent results, with some predicting each variant to be benign and others to be pathogenic.
Notably, the M39R variant was considered to be benign by PolyPhen2, whereas F45L and R69H were considered likely to be pathogenic.
Validation of functional analyses
WT rhodopsin formed a fully functional photopigment with a spectral peak of absorbance (λ max ) at 496 nm (Figure 2b) , a value consistent with previous studies (e.g., 497 nm), 28 demonstrating the validity of our functional assessment. WT rhodopsin also showed normal trafficking to the plasma membrane of a neuronal cell line (Figure 3a) . In contrast, the known mutant photopigments P23H and ∆68-71 did not form functional pigments (Figure 2c Table 2) . On functional testing, the mutant photopigment showed impaired membrane transport with retention in the endoplasmic reticulum in addition to some normal localization at the plasma membrane ( Figure  3c ). Spectrophotometric analyses showed that the amount of viable pigment at the membrane was about ~20% of WT levels (Figure 2d and Supplementary Table S1 online) and this was able to form a light-bleachable photopigment (λ max = 497 nm) comparable with WT rhodopsin (Figure 2b) . These results suggest that the predominant pathogenic mechanism of this mutation is to affect trafficking of rhodopsin to the membrane. This conclusion is supported by homology modeling showing that residue 39 is located on the outer surface and close to the point of insertion of the first transmembrane domain (TMD) (Figure 2a and Supplementary Figure S3 online), and the M39R change from a hydrophobic to a positively charged original research article residue may affect the efficiency of membrane insertion. Taken together, these data suggest that the M39R mutation is likely to be the cause of ADRP in Patient 1. The presence of some functional rhodopsin may explain the adult onset of this disorder. Patient 2 (F45L) had very early onset disease and no family history, which had initially suggested an unknown recessive disorder. Multiplex ligation-dependent probe amplification was normal, excluding a copy-number variant on the second allele as an explanation for the phenotype (Supplementary  Figure S2 online ). An F45L substitution has been reported to be pathogenic in ADRP patients, [29] [30] [31] however, the pathogenic mechanism could not be identified. 10 Bioinformatic analyses were inconclusive; the residue at site 45 is invariant across vertebrates (Supplementary Figure S1 online) and is found on the outer surface of the first TMD (Figure 2a and Supplementary Figure S3 online), but the Grantham score predicts that the effect of the F45L substitution should be minimal ( Table 2) . We showed that the F45L rhodopsin pigment was transported to the plasma membrane (Figure 3d ) and gave a spectral profile identical to the WT, with the level of viable protein being about 10% greater than that of a positive control (Figure 2e and Supplementary Table S1 online). We were unable to replicate a previous report that F45L causes endoplasmic reticulum retention and aggregate formation; 32 however, in this published study, the mutation was introduced into a truncated rhodopsin cassette, which omitted both the amino-and carboxyl-termini, and cannot be accurately compared with valid experiments where a full-length protein is used. Analysis of the parents of Patient 2 showed that the F45L variant was inherited from an asymptomatic Table 1 and Supplementary Table S2 online). The presence of a fully functional F45L rhodopsin is not consistent with the very early onset and severity of ocular disease observed in Patient 2, nor would it be consistent with a reduced-penetrance allele. Collectively, our data suggest that the presence of the F45L variant is not the primary explanation for retinal disease and that the status of pathogenicity for this amino acid substitution should be reviewed.
Patient 3 (P53R) had very early onset disease, with no family history and was thought to have recessive mutations, which might be detected using targeted capture and NGS. Similar to F45L, this variant was identified in a previous study 17 and thought to be pathogenic; 12, 18 however, it has recently been recategorized as an "unclassified" mutation because of the lack of valid functional information. 10 Residue 53 is located in the first TMD of the rhodopsin protein structure (Figure 2a and Supplementary Figure S3 online). This amino acid is highly conserved, being present in all vertebrate rhodopsins so far studied (Supplementary Figure S1 online), and P53R is predicted to be pathogenic ( Table 2) . Neither parent carried the P53R change and stated parentage was confirmed using polymorphic markers (Supplementary Table S2 online) . The P53R mutation, therefore, must have arisen de novo, an increasingly well-recognized phenomenon, but only the second report of such a case in rhodopsin. The first case was only recently identified. 33 There were no copy-number variants in the second rhodopsin allele (Supplementary Figure S2 online) . When tested using immunocytochemistry and UV-vis spectrophotometry, the P53R mutant produced viable protein at only 20% of WT levels (Figure 2f) . This small amount of rhodopsin was predominantly retained in the endoplasmic reticulum (Figure 3e) and failed to generate a functional photopigment (Figure 2f) .
Despite both M39R and P53R producing ~20% viable protein as compared with the WT, the λ max values differed, with a peak at 489 nm for P53R that is short-wavelength shifted as compared with both the WT (λ max = 496 nm) (Figure 2b) and the low membrane levels of the M39R mutant (λ max = 497 nm) (Figure 2d) , suggesting the P53R substitution affects not only rhodopsin membrane transport, but also 11-cis retinal chromophore handling and function, thereby providing a disease mechanism for the retinal degenerative phenotype observed in Patient 3.
Patient 4 (R69H) had late-onset disease and no family history. In vertebrates, R69 is essentially invariant across both visual and nonvisual opsins (Supplementary Figure S1 online); bioinformatic analyses predicted that this mutation would be deleterious to protein function ( Table 2) . Nonetheless, the R69H change is located in a relatively large, open cytoplasmic pocket (Figure 2a and Supplementary  Figure S3 online), so this substitution may not be expected to cause structural or functional defects in rhodopsin, especially because the amino acids in question are biochemically similar (i.e., Grantham score lies at the boundary between tolerated and not tolerated ( Table 2) ). However, when the human R69H mutant was expressed in neuronal cells, full-length rhodopsin protein was trafficked to the membrane ( Figure  3f ) and produced similar levels of viable protein to those of the WT (Figure 2g and Supplementary Table S1 online). Furthermore, the R69H mutant successfully formed a lightbleachable photopigment with a λ max at 493 nm (Figure 2g) . Although 3 nm short-wavelength shifted as compared with WT, the spectral peak of absorbance for the R69H variant pigment lies within an acceptable experimental range (<5 nm). In contrast to our human data, bovine R69H rhodopsin was shown previously to produce an abnormally translated protein in a baculovirus expression system. 34 However, we have been unable to confirm a role of R69H in the pathogenicity of retinal disease in Patient 4. A c.206G>A (p.R69H) polymorphic change has been reported once in dbSNP (rs118173887; http://www.ncbi.nlm.nih.gov/projects/SNP), where the frequency of the variant allele is low (0.008, with a heterozygosity frequency of 0.017). Therefore, similar to F45L, R69H may be a rare benign polymorphism that coincidentally exists in a patient with an RP-like phenotype. If this is the case, another genetic cause for the retinal degeneration, excluding the 73 genes already screened, must be sought.
discUssiOn
NGS was very effective in identifying rhodopsin variants in patients, but we were confronted with significant challenges when interpreting their clinical significance. This problem is not unique to NGS, but the assessment of variant pathogenicity is many orders of magnitude greater than conventional detection methodologies. 350  400  450  500  550  600  650   350  400  450  500  550  600  650  350  400  450  500  550  600  650  350  400  450  500  550  600  650  350  400  450  500  550  600  650   350  400  450  500  550  600  650  350  400  450  500  550  600 We have shown that the standard methods of assessment, such as segregation analysis, bioinformatics, and literature searches, although very useful and important, ultimately were not sufficient to make a confident molecular diagnosis. Further analysis using highly specialized functional assessment of rhodopsin was required. For example, M39R was not considered very likely to be pathogenic, on the basis of bioinformatic analyses and current knowledge of the rhodopsin structure; nonetheless, the mutation clearly demonstrated abnormal function, illustrating the value of cellular assessments. Although functional assays are not routinely available in clinical practice, these approaches, from "bedside to bench" and back again, are likely to be increasingly important as clinical medicine attempts to process and understand the enormous amount of data generated from NGS.
We also show that by integrating functional analyses into our pipeline, further insights can be gained into mechanisms of pathogenicity and may have important therapeutic consequences in the future. 35 We show that both M39R and P53R mutations significantly inhibit the trafficking of rhodopsin to the plasma membrane and the binding of the 11-cis retinal chromophore. In the P53R mutant, the effect is compounded by changes in the spectral tuning of the small level of photopigment produced. In addition, we have shown that the F45L variant traffics normally in neuronal cells and functions as a photolabile pigment similar to WT rhodopsin. It is possible that a F45L substitution could cause constitutive activity, inhibit oligomerization, reduce thermal stability, or impair the ability of rhodopsin to activate transducin (all of which we have not tested). We believe that the last possibility is unlikely as the position in the protein of the amino acid change is far removed from the experimentally determined transducin binding domains located within the second and third cytoplasmic loops 36 ; however, this conclusion requires further confirmation. Although these potential disease mechanisms cannot be ruled out by our study, the data obtained from the functional assays conducted here, combined with the genetic analysis showing the presence of the same variant in an asymptomatic parent as the child with early-onset disease, strongly suggest that F45L does not affect any biochemical or cellular aspect of rhodopsin function. Therefore, the F45L variant is likely to be either a benign polymorphism or a genetic modifier, but it is highly unlikely to be the primary cause of disease. Clinically this is important as an alternative explanation for the retinal degeneration needs to be sought. Similarly we report a novel R69H variant that was previously reported to be functionally abnormal in a baculovirus system where bovine rhodopsin was used. 34 However, we found that human R69H traffics and functions normally in mammalian cells, suggesting that these inconsistencies may be, in part, because of the use of different assays or, more likely, variation between human and bovine proteins. Again, it is possible that photopigment dimerization, activation/deactivation kinetics, thermal stability, or transducin activation are impaired; however, our current data suggest that this variant functionally behaves in the same way as WT rhodopsin and further analysis would be required to exclude other possible biophysical defects.
The identification of likely benign variants challenges the broad perception of rhodopsin as an essentially immutable gene; our data suggest that there may be a greater tolerance for genetic change than initially appreciated. This view is DAVIES et al | Next-generation sequencing in health-care delivery original research article supported by entries into genome databases: in addition to 42 variants entered into dbSNP, a number of rhodopsin variants of unknown pathogenicity have been reported in the exome variant server (http://evs.gs.washington.edu/EVS/). Given that rhodopsin is a well-studied protein, it was surprising that we identified two novel changes, M39R and R69H, and only the second P53R mutation. 17 It was also surprising to find a de novo rhodopsin mutation, only the second to be identified and the first to be functionally assessed. This illustrates that more information is likely to be generated by further genetic and functional analyses of this gene. In conclusion, we have shown the immense power of NGS as a diagnostic tool and described the complexities of analysis. Our experience in interpreting genetic changes in such a well-known gene as rhodopsin has clearly shown that functional assessment plays a critical role in interpreting the significance of genetic variants in clinical practice. Development of appropriate analysis pipelines that can include multiple functional studies will be essential if NGS data are to provide accurate information to patients and families.
SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://www.nature.com/gim
